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Abstract. The recognition of interaction between two molecules is analysed via the topography of their 
molecular electrostatic potentials (MESP). The point of recognition between two species is proposed to 
be the geometry at which there is a change in the nature of the set of MESP critical points of one of the 
molecules vis-a-vis with its MESP topography at infinite separation. These results are presented for cer-
tain model systems such as pyridine and benzene dimers, cytosine–guanine and adenine–thymine base 
pairs in various orientations of approach of the two species. 
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1. Introduction 
The term molecular recognition generally refers to 
the specific interaction between two or more mole-
cules through non-covalent bonding such as hydro-
gen bonding, metal coordination, van der Waals 
forces, π–π interactions, and/or electrostatic effects.1 
The host and guest involved in molecular recogni-
tion exhibit complementarity of certain properties 
with respect to each other.
1,2
 Molecular recognition 
plays an important role in biological systems and 
has been observed for receptor-ligand, antigen-
antibody, DNA-protein, sugar-lectin interactions, to 
list a few. Chemists have designed artificial supra-
molecular systems that exhibit specific molecular 
recognition. One of the earliest known examples is 
the class of crown ethers which are capable of selec-
tively binding specific cations. 
 Molecular recognition is generally classified into 
static and dynamic one. Static molecular recognition 
is likened to the interaction between a key and key-
hole; it is a 1 :
 
1 type complexation reaction between 
a host molecule and a guest molecule to form a host–
guest complex. To achieve advanced static molecu-
lar recognition, it is necessary to make recognition 
sites that are specific for guest molecules. In the case 
of dynamic molecular recognition, the binding of the 
first guest to the first binding site of a host affects 
the association constant of a second guest with a 
second binding site.
3
 The dynamic nature of this 
type of molecular recognition is particularly impor-
tant since it provides a mechanism to regulate binding 
in biological systems. Dynamic molecular recogni-
tion is also being studied for application in highly 
functional chemical sensors and molecular devices. 
 Molecular recognition is thus a term that has been 
widely used in physics, chemistry and biology. The 
term essentially refers to the onset of interaction be-
tween two molecular species. The interaction here 
could be a precursor to covalent bond formation or 
van der Waals type or even a weak hydrogen bond-
ing interation. The idea that molecular recognition 
lies in the complementarity of interacting surfaces 
was first clearly formulated by the German chemist 
Emil Fisher,4 who proposed in 1894 that the enzyme 
and substrate fit together ‘like lock and key’. 
 Molecular electrostatic potential (MESP) has been 
found to be a useful entity for describing reactivity in 
chemistry.
5–7
 Being long range in nature, MESP is 
found to be useful for exploring molecular recogni-
tion. 
 Previous studies by Náráy Szábo and coworkers8,9 
have tried to understand molecular recognition in 
terms of electrostatic potentials of the two involved 
species. The shape complementarity has often been 
associated with the isosurface shapes of functions 
such as electron density.
10
 Although a quantification 
of molecular recognition has been given in terms of 
the parts of the molecule endowed with positive 
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MESP in regions of negative MESP, a further analysis 
and understanding of the phenomenon is required. 
Mapping the topography of a scalar field such as 
molecular electron density11 or MESP
12,13
 offers a 
succinct tool for this purpose. In this context, the 
current work examines the onset of recognition bet-
ween two molecules via the topography of their 
MESP’s.  
 The point of recognition between two species is 
proposed to be the geometry at which there is a 
change in the nature of the set of MESP critical 
points (CP’s) of one of the molecules in comparison 
with its MESP topography at infinite separation. 
These results are presented for certain model sys-
tems such as pyridine- and benzene dimers, as well 
as adenine–thymine and cytosine–guanine base pairs 
in various modes of approach of the two species. 
2. Methodology 
The test molecules are subjected to a geometry opti-
mization at the Hartree–Fock (HF) level of theory 
and 6-311++G(2d, 2p) basis set from the Gaussian 
suite of programs.14 The electrostatic potentials of 
these systems were evaluated and their respective 
topography is mapped using the in-house developed 
property package UNIPROP.
15,16
 The visualization is 
done using the package UNIVIS-2000.
17
 
 The MESP is defined by
 5,7
 (in a.u.): 
3
( )
( )  d .
| | | |
A
AA
Z
V r
ρ ′
′= −
′− −
∑ ∫
r
r
r R r r
 (1) 
Here, {ZA} are the nuclear charges located at {RA} 
and ρ(r) is the continuous electron density. 
 There are four types of non-degenerate critical 
points (CP’s), for a three-dimensional function such 
as MESP, at which ∇V = 0. The CP’s are character-
ized by the eigenvalues of the Hessian of the matrix 
at the CP and denoted in the (Rank R, Signature S) 
notation. The four types of non-degenerate CP’s are 
(3, –3) (maxima), (3, –1) (saddle which is a minimum 
in only one direction) (3, +1) (saddle which is a 
maximum in only one direction) and (3, +3) (min-
ima). The CP’s found using the program UNIPROP 
satisfy the necessary condition which is expressed 
by the Poincaré–Hopf relation,18,19 viz. n–3 – n–1 + 
n+1 – n+3 = n– – n+. Here nS denotes the number of 
given type of CP (e.g. n–3 stands for the number of 
(3, –3) CP’s, etc.) and n– and n+ denote the number 
of asymptotic maxima and minima respectively. 
 For specifically examining the problem of recog-
nition, a few selected orientations of the interacting 
species (called monomers) A and B are chosen and 
subjected to a single point wavefunction evaluation 
at that geometry. The wavefunction obtained is 
thereafter utilized for topography mapping. Sub-
sequently the monomers are brought close to each 
other (in a weakly bound form A…B) from a large 
distance and the topography mapped for the MESP 
at different steps along the path. 
3. Results and discussion 
3.1 Pyridine dimer 
The pyridine dimer has recently been studied in the 
literature for understanding its weak interaction pat-
terns.20 Hence, this system has been chosen as the 
first model system for exploring molecular recogni-
tion. In the analysis presented here, the first step  
involves the mapping of the topography of the sepa-
rated monomer. The MESP maps together with the 
topography of pyridine are presented in figure 1. For 
an individual system A the topography is denoted by 
NCP[VA] = [n+3, n+1, n–1, n–3]. For pyridine, the criti-
calities of MESP are given by [5, 7, 13, 11]. The 
most negative minimum has an ESP value of  
–0⋅113 a.u. 
 As a first test case, a T-shaped pyridine dimer is 
considered, three geometries of which are shown in 
figure 2. The distance between the center of masses 
of the two monomers is varied and the topography 
mapped at each point. A new set of CP’s appears 
 
 
 
 
Figure 1. (a) Pyridine topography at HF/6-311++G(2d, 
2p) level of theory with (3, +3), (3, +1) and (3, –1) CP’s 
denoted by small black, blue and green spheres respec-
tively. (b) Molecular electrostatic potential of pyridine at 
HF/6-311++G(2d, 2p) depicted by a blue isosurface of 
value –0.01 a.u. and a white isosurface of value +0.1 a.u. 
See text for more details. 
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Figure 2. T-shaped geometries of pyridine dimer. The (3, +3), (3, +1) and (3, –1) CP’s are denoted by 
small black, blue and green spheres respectively. See text for more details. Geometries with distances be-
tween center of masses of monomers at (a) 15⋅00 a.u., (b) 11⋅88 a.u., (c) 10⋅00 a.u. 
 
 
Table 1. Topographical changes for pyridine dimer T-shaped approach. NCP[VA] = 
[n+3, n+1, n–1, n–3] denotes the number of minima, numbers of (3, +1) and (3, –1) saddles and 
(3, –3) maxima respectively. VA and VB correspond to the monomer MESP in the composite 
MESP VAB. See text for details. 
Distance NCP[VAB] NCP[VA] NCP[VB] Change in CP 
 
T-shaped dimer 
 20⋅00 10, 16, 28, 22 5, 7, 13, 11 5, 7, 13, 11 No change 
 15⋅00 10, 16, 28, 22 5, 7, 13, 11 5, 7, 13, 11 No change 
 12⋅50 10, 18, 30, 22 5, 7, 13, 11 5, 7, 13, 11 No change 
 11⋅88 11, 19, 30, 22 4, 8, 13, 11 5, 7, 13, 11 +3 → +1 
 11⋅25 11, 19, 30, 22 6, 7, 13, 11 5, 7, 13, 11 +3 → –1 
 10⋅00 11, 18, 29, 22 6, 7, 13, 11 5, 7, 13, 11 +3 → –1 
 
Antiparallel dimer 
 20⋅00 10, 16, 28, 22 5, 7, 13, 11 5, 7, 13, 11 No change 
 15⋅00 10, 16, 28, 22 5, 7, 13, 11 5, 7, 13, 11 No change 
 10⋅00 10, 16, 28, 22 5, 7, 13, 11 5, 7, 13, 11 No change 
 7⋅50 11, 19, 30, 22 4, 7, 14, 11 5, 7, 13, 11 +3 → –1 
 5⋅00  8, 16, 30, 22 4, 7, 14, 11 4, 8, 13, 11 +3 → –1 
 
Antiparallel displaced 
 20⋅00 10, 15, 28, 22 5, 7, 13, 11 5, 7, 13, 11 No change 
 15⋅00 10, 16, 28, 22 4, 5, 13, 11 4, 6, 13, 11 +1 with –1 
 10⋅00  8, 11, 26, 22 4, 5, 12, 11 4, 5, 12, 11 +1 with –1 
 
even at a very large distance of 20⋅00 a.u. These 
new CP’s have an MESP value that is negative but 
close to zero. The CP’s close to the pyridines still 
retain characteristics of the individual monomer. 
Hence the basic topographical features of the pyri-
dines in the dimer complex are still preserved. 
 The topographical changes for pyridine dimer at 
various distances are shown in table 1. It can be seen 
that first change of topography of pyridine in the  
T-shaped homodimer complex occurs when the dis-
tance between the center of masses (c.m.) is about 
11⋅88 a.u. At this distance, the (3, +3) minimum 
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over the nitrogen of one of the pyridines changes to 
a (3, +1) saddle. This point at which the first topo-
graphical change occurs to the MESP of a monomer 
in the complex, as compared with that of the free 
monomer is proposed to be the onset of the recogni-
tion process. This first topographical change is  
observed near to the contact point (cf. figure 2b) of 
the van der Waals surfaces of the pyridine mono-
mers. Such a connection of MESP topography with 
the van der Waals radii of atoms has been brought 
out previously by Bhadane and Gadre.21 
 Yet another orientation that is possible for pyri-
dine dimer is that of antiparallel face-to-face case 
where the nitrogen atom of one pyridine moiety may 
interact with the hydrogen of the other along the C2 
axis. In this particular orientation, a change in the 
topography is observed only at a c.m. to c.m. dis-
tance of 7⋅5 a.u. as against the point of recognition 
at 11⋅88 a.u. in the case of the T-shaped geometry. 
Figure 3a displays the geometry and topographical 
change described. The change that is seen here is 
also given in table 2, and it can be seen that the  
topography of one of the pyridines changes from [5, 
7, 13, 11] to [4, 7, 14, 11]. In this case a minimum 
of pyridine is converted to (3, –1) saddle. 
 In the third orientation, viz. the antiparallel dis-
placed one, a first change in the topography of the 
monomer is noticed at a large distance of 15 a.u. In 
 
 
 
Figure 3. Antiparallel (a) and antiparallel displaced (b) 
geometries of pyridine dimer. The (3, +3), (3, +1) and  
(3, –1) CP’s are denoted by small black, blue and green 
spheres respectively. See text and table 1 for more  
details. 
this case, the topography changes from [5, 7, 13, 11] 
to [4, 5, 12, 11] and this change occurs for both the 
monomers. Figure 3b shows the geometry and to-
pographical change described. This antiparallel dis-
placed geometry, when brought closer together 
finally gives that orientation which is energetically 
more stable than the antiparallel and the T-shaped 
geometry. 
3.2 Benzene dimer 
Yet another interesting case of interaction is often 
seen in the case of benzene. Many gas phase calcula-
tions of benzene dimer by Hobza et al22 have found 
their place in the literature and the competition  
between the H…π and the π…π interactions has 
been a primary object of their study. Similar to the 
case of pyridine dimer, here a T-shaped geometry 
and face to face approach is considered here in order 
to study the recognition phenomenon. The isolated 
benzene dimer topography is described by [12, 13, 
14, 12], where one finds 6 minima each above and 
below the planes of the ring. For the T-shaped inter-
action, at a distance of 20.0 a.u. a set of new (3, –1) 
and (3, +1) CP’s appears in the distribution. How-
ever, these are of magnitude close to zero. The first 
noticeable change in the topography of benzene in 
the benzene dimer occurs when the distance between 
the center of masses of the monomers is 10.3 a.u. 
Here the change in the nature of the topography is a 
combination of two (3, +1) saddles and a minimum 
of benzene disappearing to give a single minimum. 
The topography of the benzene appearing horizontal 
in the T-shaped geometry at this point happens to be 
[12, 11, 14, 12]. 
 In a face-to-face approach of benzene which is 
reminiscent of a direct π–π interaction, at a distance 
of 20.0 a.u. two low valued (3, –1) CP appear on the 
sides together with a (3, +1) CP of similar magni-
tude, on the C6 axis which is the axis of approach. 
At this distance there is no change in the nature of 
the CP’s of benzene in its dimer form. This contin-
ues till a distance 8⋅5 a.u. between the center of 
masses. Although many other new CP’s appear for 
the composite MESP, VAB, the individual benzenes 
retain their topographical similarity to the isolated 
benzene till a distance of 8⋅5 a.u. Beyond this dis-
tance there is a dramatic change in the topography 
of both of the monomers in the dimer complex, with 
the topography changing from [12, 11, 14, 12] to  
[9, 9, 14, 12]. Here two (3, +3) CP’s combine with a
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Table 2. Topographical changes for adenine–thymine approach in figure 3. NCP[VA] = 
[n+3, n+1, n–1, n–3] denotes the number of minima, numbers of (3, +1) and (3, –1) saddles and 
(3, –3) maxima respectively. VA and VB correspond to the monomer MESP in the composite 
MESP VAB. See text for details. 
Distance NCP[VAB] NCP[VA] NCP[VB] Change in CP 
 
14⋅50  9, 14, 33, 29 5, 8, 19, 16 4, 5, 13, 13 No change 
9⋅50 10, 14, 33, 29 5, 8, 19, 16 4, 5, 13, 13 No change 
5⋅88 10, 16, 35, 29 5, 8, 19, 16 4, 4, 14, 13 No change 
5⋅00  9, 14, 34, 29 5, 9, 17, 16 4, 4, 15, 13 +3 → +1 
 
 
 
 
Figure 4. Benzene T-shaped (a) at 10 a.u. separation 
and benzene parallel (b) at 8 a.u. c.m. to c.m. separation . 
The (3, +3), (3, +1) and (3, –1) CP’s are denoted by small 
black, blue and green spheres respectively. See text for 
more details. 
 
 
(3, +1) saddle to give a single minimum, on the side 
in which the benzenes face each other, while on the 
other sides, the topographical similarity with the iso-
lated benzene is retained. 
3.3 Adenine–thymine and cytosine–guanine base 
pairs 
A similar approach is adopted for analysing the na-
ture of interaction in the case of the DNA base pairs 
adenine–thymine (A–T) and cytosine–guanine (C–G). 
In the case of the adenine–thymine base pair, the 
orientation was chosen to be the one usually found 
in the DNA helical structure and that has been re-
ported in the literature to be the most favoured ori-
entation in a gas phase calculation. This orientation 
involves two weak hydrogen bonds and the corre-
sponding approach is given in figure 4, together with 
the varying topography. Adenine in the complex has 
been observed to show the first change in topogra-
phy with respect to its separated state as given in  
table 2. The topography changes from [5, 8, 15, 15] 
to [5, 7, 16, 15]. In contrast to the changes occurring 
for the pyridine dimer case (where the minima remi-
niscent of the lone pair of nitrogen changed to a 
saddle point), here a (3, +1) CP changes to a (3, –1) 
CP. All this occurs when the distance between the 
center of masses of the two monomers is about 6 
a.u. The distance between N…H and H…N forming 
the two weak hydrogen bonds of the adenine thymine 
base pairs are still beyond the usual hydrogen bond-
ing distance. 
 For the cytosine–guanine base pair, an orientation 
that would subsequently result in the formation of 
three hydrogen bonds is considered. In such an  
approach the first change in the topography of the 
monomer is observed for guanine, viz. from [4, 5, 
13, 13] to [4, 4, 14, 13]. Here the change occurs for 
a (3, +1) saddle of guanine which changes to a  
(3, –1) saddle. This change is found to occur when 
the distances between the center of masses is 6.9 a.u. 
which is slightly more than the first change in topo-
graphy in the case of adenine–thymine. 
4. Concluding remarks 
As prophesied by Emil Fischer more than 100 years 
ago,4 the phenomenon of molecular recognition has 
carried itself over to a molecular level, and it has 
been often studied for simple molecular systems in-
stead of just interactions in biology. The present 
study has analysed molecular recognition at a fun-
damental level employing the scalar field of molecu-
lar electrostatic potential. Based on the numerical 
results of pyridine and benzene dimers in various 
modes of approach and the DNA base pairs, it is 
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proposed that point of molecular recognition occurs 
when the topography of the monomer in the dimer 
complex changes with respect to that of the isolated 
monomers. The topography of MESP used in such a 
manner quantifies electrostatic complimentarity.19 It 
also relates to contact between van der Waals sur-
faces of the monomers, as the changes in topography 
occur quite close to but beyond the empirically set 
van der Waals distances. It may be noted that the 
proposition in the current work offers a definition of 
molecular recognition via the topography of a scalar 
field and not in terms of an integrated quantity. 
 The long-range nature of intermolecular interac-
tions is captured since the MESP dies off as 1/r. 
This is exemplified in the case pyridine dimer where 
the earliest change occurs when the distance bet-
ween the center of masses is about 15 a.u. Yet an-
other advantage of the current proposition of mole-
cular recognition is that the change in topography 
relates to change in shape indices of any electron 
density derived property as was proposed previously 
by Mezey et al.10 The results presented here are at 
the HF level, but it has been noted before that the 
topography of MESP, when mapped at a reasonable 
basis set (which includes polarization and diffuse 
functions) is fairly insensitive to correlation and level 
of theory.
23
 Furthermore, solvation effects could be 
 
 
 
 
Figure 5. Adenine-thymine geometries along with the 
(3, +3), (3, +1) and (3, –1) MESP CP’s denoted by small 
black, blue and green spheres respectively. See text and 
table 2 for more details. Geometries with distances  
between center of masses of monomers at (a) 24⋅00 a.u., 
(b) 14⋅00 a.u. respectively. 
incorporated by employing continuum models, as has 
been demonstrated in the earlier studies of MESP of 
solvated systems.24 
 In summary, the present work offers a clear-cut 
interpretation of how molecules recognize each 
other at large intermolecular separations, in terms of 
the topography of the molecular electrostatic poten-
tial. It is hoped that this definition finds applicability 
for a wide variety of chemically and biologically  
interesting systems. 
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